Summary: This study was undertaken to investigate the mechanisms of CBF increase as induced by hypercapnia. It was achieved in anesthetized rats by determining total cerebral blood volume (TCBV), parenchymal blood (CBV), plasma (CPV), erythrocyte (CEV) volumes and cerebral hematocrit (CHct) as well as CBF at about 40, 60, and 80 mm Hg Pac0 2 • TCBV was measured by a non invasive blood dilution method using [99mTc)pertechne tate. CBV, CPV, and CEV were measured on isolated brain by 1 2 5I_serum albumin and 5ICr-erythrocytes. CBF was measured by both ['31I114Cjiodoantipyrine and 57CO_ microsphere extractions. The extraparenchymal blood volume (ECBV) was evaluated by subtracting CBV from TCBV. Under normocapnia, ECBV was 2.8 times larger than CBV. Under moderate hypercapnia; ECBV in creased by 44%, CBV was not modified, and CBF inBlood supply to the brain ongmates from the aorta and is provided by the two internal carotid arteries and the two vertebral arteries. The blood entering the skull is then distributed between three pairs of cerebral arteries, of which terminal branches are interconnected through arterioarterial pial anastomoses (Van den Bergh and Van der Eecken, 1968). These interconnecting series of small distributing arteries branch over the surface of the brain, sending off arteries and arterioles that penetrate the brain to varying depths before divid-
Summary: This study was undertaken to investigate the mechanisms of CBF increase as induced by hypercapnia. It was achieved in anesthetized rats by determining total cerebral blood volume (TCBV), parenchymal blood (CBV), plasma (CPV), erythrocyte (CEV) volumes and cerebral hematocrit (CHct) as well as CBF at about 40, 60, and 80 mm Hg Pac0 2 • TCBV was measured by a non invasive blood dilution method using [99mTc)pertechne tate. CBV, CPV, and CEV were measured on isolated brain by 1 2 5I_serum albumin and 5ICr-erythrocytes. CBF was measured by both ['31I114Cjiodoantipyrine and 57CO_ microsphere extractions. The extraparenchymal blood volume (ECBV) was evaluated by subtracting CBV from TCBV. Under normocapnia, ECBV was 2.8 times larger than CBV. Under moderate hypercapnia; ECBV in creased by 44%, CBV was not modified, and CBF inBlood supply to the brain ongmates from the aorta and is provided by the two internal carotid arteries and the two vertebral arteries. The blood entering the skull is then distributed between three pairs of cerebral arteries, of which terminal branches are interconnected through arterioarterial pial anastomoses (Van den Bergh and Van der Eecken, 1968) . These interconnecting series of small distributing arteries branch over the surface of the brain, sending off arteries and arterioles that penetrate the brain to varying depths before divid------_ ..• -_ .. _----------.. _.
creased by 52%. These results demonstrate that the main site of vasodilation is located in the extraparenchymal vasculature, which thus acts as a vascular reserve. By contrast, under severe hypercapnia, ECBV remained un changed, whereas CBV then increased by 17%; CBF si multaneously showed an additional augmentation of ei ther 52 or 309% when diffusible tracer or microspheres were used. This important increase in CBF cannot be explained either by capillary recruitment of closed capil laries or by active diameter lengthening of already open capillaries. The concomitant and great increase in capil lary blood velocity was also shown to reduce cerebral flow efficiency, a situation consistent with a "lUXury per fusion." Key Words: Capillary recruitment-CBF CB V-Vascular reserve.
ing into capillary networks for nutrition of the gray and white matters. In this particular arrangement, the existence of arteriovenous anastomoses in the pial circulation (extra-parenchymal vasculature), as well as in the brain circulation (parenchymal vascu lature), has been specifically denied or at least has not found general recognition and acceptance (Sakurada et al., 1978) . If arteriovenous anasto moses are absent or inefficient at any level of the cerebral circulation, the total amount of blood en tering the pial vasculature has thus to flow through the capillary network before leaving the brain.
Even in the absence of arteriovenous anasto moses, the whole capillary network can be hypoth esized as either continuously or intermittently per fused. In the case of continuous capillary perfusion, blood flow regulation is under the unique control of vasomotion. This muscular control is located mainly outside the parenchyma itself, in the cere bral arteries, as well as in pial arteries and arterioles (Mchedlishvili and Kuridze, 1984) ; these vessels, acting as regulators of the cerebral vascular re-serve, determine the flow rate in the brain capillary network. By contrast, if the total capillary network is intermittently perfused, the adaptation of the ce rebral blood flow to high-flow conditions could also be dependent on the opening of previously closed capillaries. This "on/off capillary recruitment" would then represent an additional regulating factor of the cerebral vascular reserve.
Such an important mechanism for the control of the cerebral blood circulation still remains open to question. Recently, from morphological data under both normal and high-blood-flow conditions in duced by hypercapnia, Kuschinsky's group (Gobel et aI., 1989 ) concluded a lack of capillary recruit ment. Their results, however, are in contradiction to previous morphological (Weiss et aI., 1982) as well as physiological studies (Hertz and Paulson, 1982; Tomita et aI., 1983; Tomita and Gotoh, 1990) , which provided arguments supporting the "capil lary recruitment" hypothesis.
The purpose of our study was therefore to settle the questionable participation of capillary recruit ment as a potential mechanism for the cerebral vas cular reserve. This was achieved in the rat by com paring the response of both components (extra parenchymal and parenchymal) of the total cerebral blood volume (TCBV) and of the cerebral blood flow as determined by particle and diffusible tracers at normocapnia and at two levels of hypercapnia.
MATERIALS AND METHODS

Animals
Normal adult female Sprague-Dawley rats (OFA. IFFA, CREDO, France) weighing 205-255 g were pro vided with water ad libitum but deprived of food at least 12 h before the experiment. They were anesthetized by an intraperitoneal injection of 2,2,2-tribromoethanol (Fluka, Switzerland) at a dose of 0.025 gil 00 g body weight (BW). They were then tracheotomized, curarized with 0.1 mgllOO g BW of pancuronium bromide (Pavulon, Or ganon, The Netherlands), and ventilated with a rodent respirator (Harvard Apparatus, South Natick, MA, U.S.A.) at a respiratory rate of 60/min with a tidal volume of 1.7 ml. After systemic heparinization (I U/g BW), polyethylene catheters (PE-50) were inserted into either one or both femoral arteries and only one femoral vein. One of the arterial catheters was connected to a Statham pressure transducer. Blood pressure and heart rate were continuously monitored and inscribed on a chart recorder (7826A H.P., Palo Alto, CA, U.S.A.). Ar terial blood pH, Pac0 2 , Pa0 2 , hemoglobin (Hb) and he matocrit (Hct) also were measured just before the exper iment. Rectal temperature was monitored and maintained at � 37°C by an automatically regulated heating system for the operating stand. Hypercapnia was induced with out changing the ventilatory conditions by connecting the respirator to a cylinder containing dry air with either 0, 5. or 10% CO 2 , J Cereb Blood Flow Metab, Vol. 15, No.6. 1995
Calculation of the total cerebral blood volume (TCBV)
By definition, TCBY is the blood volume from the in ternal carotid and vertebral arteries to the internal jugular veins. Individual TCBYs were calculated on 46 animals (group I) divided in three categories according to the con centration of CO2 in inhaled air. These measurements were achieved by an isotope method we recently de scribed and validated (Keyeux et al., 1993) . Briefly, the animal lying on its back was placed between two colli mated gamma detectors for monitoring the head and the precordial region. The field of view of each detector was fixed to include the whole of each organ. r99mTc]Pertech netate (Tc) (Medgenix, Belgium) was injected in the fem oral vein as a 0.2-ml bolus (200 fLCi or 7.5 MBq). The time-activity curves generated in the head and in the heart were recorded during 25 s after injection by a mul tichannel analyzer (S85, Canberra, Meriden, CT, U.S.A.) working in time-mode with two groups of 256 channels at a rate of O. I s/channel. A two-compartment model using "lagged normal density curves" (LNDC) allowed the characterization of the "first dilution curve" of Tc in the brain by four parameters. These parameters are the dis persion "(fl " (s), the maximum amplitude time " tel " (s), the disappearance time constant "TJ " (s) and the maxi mum amplitude "AcJ " (cps) of Tc activity in the brain. It was shown by this model that (fl' tel' and TI all decreased with increasing flow rates, whereas AcJ was independent of the flow rate but varied in direct proportion with the monitored cerebral vascular volume and the amount of Tc flowing to the brain. From these parameters and the car diac output (CO) calculated from the precordial curve data, TCBY was given by the following equation:
where " d" is the amount of Tc injected intravenously.
This amount was evaluated by use of a rat phantom. In the head of this phantom, a conical cavity having the characteristics of the head detector field of view was made. A known aliquot of Tc was diluted in that cavity, and counting was performed under the same geometrical conditions as for the rat head.
Measurement of the parenchymal blood volume (CBV)
Measurements of CBY were made in animals of group II (n = 33) by simultaneous determinations of both eryth rocyte and plasma volumes in the brain parenchyma ac cording to the procedure developed by Cremer and Seville (1983) . Tagged erythrocytes with r51Cr]sodium chromate at a specific activity of 357 mCi/mg (13 GBq/ mg; Medgenix, Belgium) were prepared from blood taken from a donor rat. About 8 ml of blood was with drawn and incubated for 30 min at room temperature with 3 fLCi (Ill MBq) of r"'Cr]sodium chromate/ml blood. At regular intervals during the incubation time, the blood was gently swirled. At the end of this incubation, 2.5 mg of ascorbic acid was added per milliliter of blood to re duce the remaining unbound chromium from its anionic hexavalent to its cationic trivalent form to prevent further tagging (Huggins et al., 1966) . The blood was centrifuged (10 min at 2,000 rev/min), the plasma removed, the cells washed with physiological saline solution and cen trifuged again. Preparations showing evidence of hemo lysis were discarded. The washing procedure was re-peated, and after centrifugation, the activity in washing saline was controlled to be negligible. At zero time, 0. 2 ml of tagged cells (1.5 fLCi or 56 kBq) was injected in a fem oral vein. At 20 min, 0.1 ml (-50 fLCi/ml or 1.85 MBq/ml) of 1 2 sI-labeled human serum albumin at a specific activity of 0. 2 fLCi/mg (7.4 KBq/mg) and a radiochemical purity >98% (Amersham, U.K.) was injected intravenously. At 23 min, the animal was guillotined, and pulsatile arterial blood was collected from the thoracic extremity. The brain was then removed from the skull and peeled of its meninges and pial vessels to eliminate as much as possi ble the influence of the intravascular activity of the ex traparenchymal vasculature. Afterward, brain, systemic whole blood, plasma, and erythrocyte samples were weighed and assayed for SICr and 1 2 51 contents in a well scintillation counter coupled to a multichannel analyzer S85 provided by Canberra (Meriden, CT, U.S.A.). A suit able correction for overlap of 51 Cr counts in the window of 1 2 s1 was applied. From these data, the parenchymal plasma (CPV), erythrocyte (CEV) and blood (CBV) vol ume, as well as the corresponding cerebral hematocrit (CHct) were calculated according to the formulations of Cremer and Seville (1983) : 
Validation of CBV measurement. Measurement of CBV is susceptible to underestimation due to blood leak age from the head during decapitation and from the brain itself during its removal from the cranial cavity. To eval uate the importance of this phenomenon, the blood leak ing from the head of normocapnic rats (n = 3) was col lected on absorbing material and weighed. Assuming a blood specific weight equal to 1.055 mg/fLl, the blood leakage was found to be 15.32 ± 1. 22 (SD) fLl/g of decap itated head (mean weight, 25 g). An underestimation of the head blood volume can therefore be expected from an average bleeding of 383 fLl for the whole head, but its implication for CBV itself cannot be determined. Indeed, blood volume distribution in the head is not uniform. The brain (-1.7 g), usually recognized as a preferentially vas cularized organ, is exposed to a proportionally greater loss of blood after decapitation than the other head com ponents. Concomitantly, widespread bleeding originating from the sectioned neck muscles must also be considered. Finally, minute blood leakages during brain removal and meninges dissection cannot be excluded, but, as already shown by Bereczki et al. (1992) , we found those leakages unmeasurable. Under our experimental conditions for assessing the effects of hypercapnia, such a potential increase in CBV underestimation could invalidate the CBV-Paco 2 rela tionship. This possibility was tested on six rats in two groups exposed to 5 (n = 3) and 10% (n = 3) CO 2 , Blood leakages amounted to 15.17 ± 0.49 (SD) and 15.31 ± 2.12 (SD) fLl/g of decapitated head, respectively, for the two levels of CO 2 inhalation. These almost similar leakages were not found statistically different from the leakage measured in normocapnia. From these experiments, we therefore conclude that the blood loss from the head dur ing decapitation is independent of the cerebral vasodila tion induced by hypercapnia.
Measurement of CBF by diffusible indicator fractionation technique with cardiac output (CBFsAP)
After the completion of both Tc dilution curves, 20 fLCi (740 kBq) of [131lliodoantipyrine (lAP) with a specific ac tivity of \ Cilmmol (37 GBq/mmo\) and free iodide < 1 % (Medgenix, Belgium) in 0. 2 ml of normal saline were rapidly infused in a femoral vein of each animal of group I. At 20 s after injection, when the relative amount ofIAP is stable in the brain (Sapirstein and Hanusek, 1958; Keyeux and Ochrymowicz-Bemelmans, 1983) , the animal was killed by cardiac arrest with an intravenous injection (0.2 ml) of saturated KCI. The brain was removed from the cranial cavity and then peeled off its meninges and pial vessels to avoid the influence of their intravascular lAP activity on the activity of the lAP extracted by the nervous tissue. Afterward, the brain was weighed and crushed in a counting vial. After a delay of 3 days, which allowed Tc radioactivity (T ill 6 h) to disappear, the whole brain and a known aliquot (1/100) of the injected dose were assayed for lAP content by gamma counting with the same equipment as mentioned in Measurement of the CBV. According to the Sapirstein's indicator fraction ation technique (Sapirstein and Hanusek, 1958; Goldman and Sapirstein, 1973) , CBFsAP was calculated by multi plying CO (as previously determined for TCBV calcula tion) with the fractional uptake of lAP per gram of brain. However, because of the retention by the lungs of a frac tion of the intravenously injected lAP (OIdendorf and Ki tano, \965), the reference to the injected dose overesti mates the amount of lAP that is submitted to cardiac output fractionation. This method is thus expected to un derestimate CBF. Nevertheless, from a technical point of view, CBFsAP was conveniently coupled to TCBV mea surement. This coupling is not possible with the proce dure described in the next paragraph.
Measurement of CBF by diffusible indicator fractionation technique with arterial reference samples (CBFsAK)
In animals of group III (n = 21), CBF was measured according to the technique of Sakurada et al. (1978) as modified by Gjedde et al. (1980) . Both femoral arteries were cannulated for blood pressure monitoring and for sampling. One femoral vein was catheterized for intrave nous administration of a bolus (0. 2 m\) of 30 fLCi (I,ll 0 kBq) of [14Cliodoantipyrine (Du Pont, Wilmington, DE, U.S.A.) with a specific activity of 54.8 mCilmmol (2.0 GBq/mmol) and a radiochemical purity >99%. Arterial blood sampling was performed by a constant velocity withdrawal pump (SAGE 351, Cambridge, MA, U.S.A.) for integration of tracer concentration (Gjedde et aI., 1980) . Arterial blood was withdrawn into a syringe over 20 s (starting 5 s before injection) at a pump rate of 360 fLl/min. Immediately afterward, the animal was decap itated. The brain was removed, peeled off its meninges, weighed, and prepared for counting. The arterial blood sample (100 fLI) and three homogenized brain tissue sam ples (0.1 g) were transferred to counting vials containing 0.75 ml of Soluene (Packard) and isopropanol mixture (1:1). Hydrogen peroxide 30% (0.3 ml) was added to the vials for bleaching. After storing the vials overnight at room temperature, 15 ml of Instagel (Packard) and 0.5 N HCI mixture (9: 1) was added, and the samples were al lowed to stabilize in dark at 4°C for 24 h before assaying in a liquid scintillation counter (Packard Instrument Co., Downers Grove, IL, U.S.A.). CBFsAK was calculated from tissue and blood activity concentrations using the equation of Gjedde et al. (1980) . (6) where Cbr (dpm/g) is the 14C brain tissue concentra tion, QR (dpm) the total activity withdrawn into the sy ringe and FR (mllmin) the withdrawal rate of the arte rial blood sample. E, the net extraction coefficient of the indicator in the conditions of the experiment, was as sumed to be I.
In our study, the decapitation time was fixed at 15 s after lAP bolus injection. According to Jones and co workers (1991) , at low-flow states (like those recorded in normocapnia), the decapitation may be delayed to 12 s, whereas at high-flow states, it must be performed at 5 s to eliminate any backflux of indicator out of the brain. In normocapnic conditions, the backflux possibility for de capitation later than 12 s claimed by Jones et a!. (1991) is not supported by our data (Keyeux and Ochrymowicz Bemelmans, 1983) , which demonstrated a stable lAP brain activity from 5 to 20 s after bolus injection. At high flow states (10% CO 2 inhalation), however, the plateau of the time-activity curve for lAP in isolated brain was pre ceded by a small peak from 5 to 10 s; this maximum peak activity was 10% higher than its plateau (Keyeux and Ochrymowicz-Bemelmans, 1983) . This last observation is consistent with a transitory backflux phenomenon, which can account for a 10% CBF underestimation when ani mals at high-flow states are killed 15 s after lAP injection.
Measurement of CBF by microsphere technique (CBFsPH)
In animals of group IV (n = 29), the CBF was mea sured with microspheres. Heart was catheterized by sur gical insertion of a catheter (PE-50) into the left atrium. The left side of the chest was opened at the fourth inter costal space and the catheter inserted into the left atrium using a purse-string suture. The chest was then closed (Hoffman et a!., 1983) . Microspheres of 15.5 ± 0.1 fLm diameter labeled with 57CO up to a normal specific activ ity of 10.14 mCi/g (375.2 MBq/g) suspended in 0.9% saline with 0.01% Tween 80 (Du Pont, Wilmington, DE, U.S.A.) were used. The microspheres were vortexed for 5 min. An aliquot of 0.2 ml containing 100,000 micro spheres was flushed into a stream of saline at 3TC (max-J Cereb Blood Flow Metab. Vol. 15, No.6, 1995 imum volume, 0.5 ml) in 20 s under control of continuous blood pressure recording. The reference blood sample was withdrawn from a femoral artery into a syringe at a pump rate of 360 fLl/min; the withdrawal was started 5 s before the microsphere infusion and was continued 55 s after. At the end of the withdrawal, the animal was killed by cardiac arrest. The brain was removed, peeled off its meninges, and weighed. The activities of the whole brain, of both kidneys (to control the uniformity of microsphere distribution), and the collected blood were measured by gamma counting with the equipment already described. Blood samples were hemolyzed to fix the micro spheres at the bottom of the counting vials, Brain samples were packed in the vials to avoid air-tissue interfaces. Blood and brain samples were prepared according to the same preselected uniform counting geometry as recommended by Heymann et a!. (1977) to minimize the counting error due to distribution variation of the radioactive sources in the different samples. In these technical conditions, the number of micro spheres per brain ranged from �200 in normocapnia to 6,800 in severe hypercapnia, which, ac cording to Buckberg et al. (1971) , allowed CBF determi nation with a precision of 5% at a confidence level of 95%. The cerebral blood flow (CBFsPH) was calculated as follows (Heymann et al. 1977) .
where C hr (cpm/g) is the microsphere brain tissue con centration, QR (cpm) the total activity withdrawn into the syringe, and FR (ml/min) the withdrawal rate of the arterial blood sample.
Statistical analysis
Results were analyzed using the analysis of variance (ANOV A). Data sets that were consistent with the null hypothesis were further examined using the Scheffe F test. Linear regression lines were calculated for the de pendency of flow parameters on arterial P ac02 using the method of least squares. The regression coefficients r were tested for difference from zero by Student's t test. The minimal level of significance was set at p < 0.05.
RESULTS
Physiological variables
The mean values of mean arterial blood pressure (MABP), blood gases (Pao2, Paco2), pH, and heart rate just before indicator injection are presented in Table 1 for the four experimental groups of rats. Inhalation of 5 and 10% CO2 resulted in an impor tant increase of P aco2 qualified as moderate (52-61 mm Hg) and severe hypercapnia (74-87 mm Hg), respectively. As expected, subsequent decreases in the corresponding arterial pH were observed, whereas Pao2, MABP, and heart rate were found not statistically modified. No change was observed in the mean Hb (g/IOO ml ± SD) and the large vessel mean Hct (% ± SD), which for the three different levels of P aco2 (the four experimental groups being considered together) amounted to 14.3 Values are presented as mean ± SD from n experiments. Significance of the differences between 0 and 5% CO2 and 0 and 10% CO2 is indicated by G, b, or c; of the differences between 5 and 10% CO2, by d, e, or f.
•. d P < 0.05. b.e p < 0.01.
'. f p < 0.001 (Scheffe F test).
± 1.0, 14.1 ± 0.7, and 14.6 ± 0.6, and to 43 ± 1.5, 42 ± 1.6, and 43 ± 1.2, respectively.
Effect of P aco2 on the calculated total cerebral blood volume (TCBV)
The data of group I displayed in Table 2 show the effect of Paco2 on the LNDC parameters and CO, which both make TCBV calculation possible. With respect to LNDC parameters, the amount of Tc en tering the cerebral vasculature (as related to A cI ) was less dispersed (as indicated by the ITJ decrease) and 39 and 86%, respectively, greater in moderate and severe hypercapnia than in normocapnia. Such marked elevations of the flow parameter (Ae I ) con trast with the small decreases in the flow velocity parameters TJ (8 and 22%) and tel (6 and 21%) under the same conditions. Both changes became signifi cant only for severe hypercapnia. On the other hand, CO itself was found unchanged at the different P aco2 levels and cannot therefore be considered as mediating the changes of TCBV due to hyper capnia. A significant TCBV elevation of 34% (16 f..d /g) was observed at a P aco2 of 60 ± 3 mm Hg. The additional 9% increase (6 f..d /g) in TCBV between moderate and severe hypercapnia at P aco2 of 86 ± 3 mm Hg was not significant. Therefore, the overall TCBV increase between normocapnia and severe hypercapnia amounted to 45%, but the major part (75%) of this effect was already obtained at moder ate hypercapnia (Fig. 1) .
Effect of P aco2 on the measured parenchymal blood volume (CBV), plasma volume (CPV), erythrocyte volume (CEV) and the cerebral hematocrit (CHct)
The data of group II are presented in Table 3 . They show that although CEV was not significantly influenced by the elevation of Paco2, CBV and CPV increased by 5% (0,67 f..d /g) and 8% (2.25 f..d /g), Values are presented as mean ± SD from n experiments. Significance of the differ ences between 0 and 5% CO2 and 0 and 10% CO2 is indicated by G, b, or c; of the differences between 5 and 10% CO2, by d, e, or f.
c. f p < 0.001 (Scheffe F test). to an increase of only CPV without changes in CE V. As expected from this observation, CH ct un der severe hypercapnia was lowered with a high degree of significance.
Effect of P aco2 on the calculated extra parenchymal cerebral blood volume (ECBV)
The data collected in Tables 2 and 3 and illus trated in Fig. I indicate that ECBV, as resulting from the subtraction of CBV from TCBV, was 35.78, 51.46, and 55.46 f.ll/g in normocapnia and moderate and severe hypercapnia, respectively. In normocapnia, ECBV was therefore 2.8 times larger than CBV; such a ratio increased up to 3.8 for mod erate and up to 3.6 for severe hypercapnia. Table 4 allows the comparison of the results of CBF by the three methods presented (CBFsAK, CBFsAP' CBFsPH) ' Whatever the method used, P aco2 elevation led to significant increase of CBF. As shown in Fig. 2 , the slopes of the regression lines fitting the data of CBFsAP (Y = 0.0185X -0.2698, r = 0.883, p < 0.001) and CBFsAK (Y = 0.0187X + 0.5165, r = 0.861, p < O.OOI)for the full range of P aco2 underline their parallel behavior, al though absolute values of CBFsAP were found sys tematically lower than those of CBFsAK (Table 4) . On the other hand, the slope of the regression line fitting the data of CBFsPH (Y = 0.0193X + 0.3682, r = 0.558, p < 0.01) was close to that of CBFsAP and CBFsAK only for normocapnia and moderate hyper capnia. As predicted from their regression lines, CBFsPH dissociate very strongly from CBFsAK when severe hypercapnia was reached. Indeed, for Paco2 rising from moderate (54 ± 5,61 ± 6 mm Hg) to severe (81 ± 4, 79 ± 5 mm Hg) hypercapnia, the relative increments were 37 and 204% for CBFsAK and CBFsPH' respectively. respectively, for moderate hypercapnia and by 17% (0.74 f.ll/g) and 22% (2.08 .. dig) for severe hy percapnia; only these last two increments were found significant. These results, therefore, indicate that the significant increase of CBV that was ob served at high level of Paco2 (74 ± 4 mm Hg) is due Values are presented as mean ± SD from n experiments. Significance of the differences between 0 and 5% CO2 and 0 and 10% CO2 is indicated by a. h, or c .. of the differences between 5 and 10% CO2 , by d, e, or f.
DISCUSSION
Cerebral blood volume
The TCBV calculated from the Tc first-dilution curve parameters corresponds to the blood content in the cerebral vasculature as limited by the skull (Keyeux et aI., 1993) ; it amounts to 49 ± 7 IJJ /g in normocapnic conditions and correlates quite well with the in vivo determinations in animal and hu man as already reported ( Table 2 in Keyeux et aI., 1993) . Average elevation of Paco2 to 60 and 86 mm Hg (group I) increased TCBV by 34 and 45%, re spectively, but this last 11 % elevation was not sig nificant. Such a pattern of �ugmentation in TCBV fits the results of several in vivo CBV studies that all have demonstrated an unquestionable linear in crease up to 30% as a function of P aco2 between 40 and 60 mm Hg (Smith et aI., 1971; Phelps et aI., 1973; Grubb et aI., 1974) . Beyond this upper limit of hypercapnia, the available data (Phelps et aI., 1973; Grubb et aI., 1974) , like our own results, fail to evidence any further significant increment in TCBV. We therefore conclude that moderate hy percapnia (P aco2 = 60 mm Hg) already induces a submaximal vasodilation that increases TCBV by about a third of its normocapnic value.
The measurement of the CBV should not rely on a single (plasma or erythrocyte) tracer because of uncertainties about the precise value of the cerebral Hct (Sklar et aI., 1968; Todd et aI., 1992) . This is why CBV as well as cerebral hematocrit (C Hct) were calculated from plasma (CPV) and erythrocyte (CEV) volumes as provided from independent mea surements. With the "two-tracer" approach and the killing of the animal by decapitation, CBV was found in normocapnic conditions to be equal to 12.98 ± 1.44 ".dIg, which is �25% of TCBV. This value is very close to that reported by Cremer and Seville (1983) and by Pluta and co-workers (1989) , who also used two tracers and killed the animal by decapitation. However, Todd et a1. (1992) , who fixed blood in situ by focused microwave irradiation (which makes impossible peeling off the meninges), reported a higher CBV value (25.1 J-l-l/g). This is likely due both to the absence of bleeding during decapitation and dissection and to the brain sample contamination by extraparenchymal components. Unlike TCBV, CBV and its components (CPV and CEV) under moderate hypercapnic conditions did not evidence any significant increase. By contrast, severe hypercapnia did not significantly amplify the TCBV augmentation but led to similar and signifi cant increases of CBV (+2.25 J-l-l/g-1 = 17%) and of CPV (+ 2.08 J-l-l/g-1 = 23%) without significant change in CEV ( Table 3) . These increases of C �V and CPV are close to the 19 and 25% augmentatIOn in the whole blood and plasma distribution spaces, respectively, found by Bereczki et a1. (1993) for a P co2 elevation from 39 to 99 mm Hg.
a It can be objected that such CPV increment under severe hypercapnia resulted in an abnormal transfer and concentration of radioiodinated human serum albumin in choroid plexus and in circumventricular organs. Circum ventricular organs have been known as "specialized" leaks in the blood-brain barrier. The capillary walls in these areas may therefore be unusually permeable to albumin so that tracer albu min probably overestimates their intra vascular plasma volumes. With this restriction in mind, the plasma volumes of circum ventricular organs and choroid plexus measured with 1 2 51-human serum al bumin by Gross et a1. (1987) were 41 J-l-I/g and 76 J-l-lIg, respectively. Assuming with Gross and Weindl (1987) that the weight of all these structures together (0.014 g) is < 1 % of that of the entire brain (1.625 g), it can be calculated from the data of Gross et a1. and our results ( Table 3 ) that the plasma vol ume of all those organs together accounts for only 5.5% of that of the brain. Such a percentage is less than the coefficient of variation (X/SD) of our CPV value in normocapnia (12% in Table 3 ). It is consis tent with the fact that Bereczki et a1. (1992) found in normocapnia a CPV value of 9.49 J-l-l/g, which is very close to our own result (9.07 J-l-lig in Table 3) , although these authors excluded the ventricles and the circum ventricular organs from their measure ments. This observation also indicates that the con tribution of choroid plexus and circumventricular organs vascularization in CPV is negligible. !�er � fore, even an unrealistic increase of the radlOlOdl nated serum albumin space in these particular struc tures cannot be responsible for the 25% CPV incre ment observed during severe hypercapnia ( Table 3) .
The extraparenchymal blood volume (ECBV) was obtained by subtracting CBV from TCBV. The effect of Paco2 on ECBV (Fig. 1 ) strongly supports the prominent role of extraparenchymal vascular bed in the vasodilatory adaptation to hypercapnia (Raper et aI., 1971; Mchedlishvili and Kuridze, 1984) . Under these circumstances, ECBV, which can increase at the most by 55%, appears to be the main location of the cerebral vascular reserve.
Cerebral blood flow
In our study, the effects of increasing P aco2 on CBF have been evaluated both by the lAP methods, in which E (the tissular extraction coefficient) is PS (permeability surface product) dependent, and by the microsphere method, in which E = 1 is PS in dependent. This was done with the aim t�at t . he comparison of the results under hypercapma wIth both methods would indicate the mechanism of CBF increase and its consequence.
As far as lAP methods are concerned, CBFsAP in normocapnia (Table 1 ) is close to the value of 0.57 mllmin/g reported by Sapirstein and Hanusek (1958) . As expected, this value is lower than that measured by the Sak,urada method (CBFsAK; Table   4 ). Nevertheless, the response of CBFsAP to PaCOZ changes parallels that of CBF S AK and thus similarly monitors in group I the CBF modifications under hypercapnia. CBF SA K in normocapnia was mea sured within the range of the normal values re ported in the literature for CBF (Gjedde et aI., 1980) . As expected from previous reports (Gjedde et aI., 1975; Van U itert and Levy, 1978) , our results show a CBF increase of �50% during a moderate hypercapnia induced by 5% CO2 inhalation; they also increase linearly with P aCoZ changes from 30 to 80-90 mm Hg.
The CBFsPH results in normocapnia are in agree ment with a previous validation study (Horton et aI., 1980) and similar to CBFsAK (Table 4 ,0% CO2), Such a similarity is unmodified when P aco2 is in creased from 35 ± 4 to 61 ± 6 mm Hg ( Table 4 ,5% CO2), By contrast with CBFsAK, the high CBFsPH during severe hypercapnia (Table 4, 10% CO2) con firm previous studies using Kety-Schmidt method with 133Xe (Ekl6f et aI., 1974) as well as micro spheres (Hoffman et aI., 1983) . We therefore con sider our microsphere CBF determination as the relevant reference in the whole range of P aco2 al terations. Thus for CBF increases within the range of 0 to 50%, lAP also behaves as a chemical micro sphere.
Potential mechanisms for CBF increase under hypercapnia
In our experiments in which CBV is enlarged at unchanged systemic arterial pressure, CBF can be increased by only three mechanisms, vasodilation of arteries and veins, capillary recruitment of closed capillaries, and active diameter increase of capillar ies that are all perfused.
At moderate hypercapnia, the CBFsPH increase (52%) is coupled to a similar ECBV increase (44%). Because CBV increases nonsignificantly by only 5%, this coupling demonstrates that the augmenta tion of CBF mainly results from the section enlarge ment of the extraparenchymal vasculature. Under severe hypercapnia, additional CBF in crease (309%) is no longer coupled to a significant additional ECB V increase (11 %). At this stage only, CBV increases significantly by 17%. According to Pawlik et al. (1981) , parenchymal vasodilation could account at the most for 8 of the 17% incre ment in CBV. The remaining 9% CBV change thus appears to be located in the capillary network as the result of capillary recruitment or of capillary diam eter increase.
By definition, at constant perfusion pressure, the mechanism of CBF increase by on/off capillary re cruitment implies that CBF increases at the same rate as the vascular section measured by CBV. Thus, in these conditions, the capillary surface available for exchange between blood and tissue grows in the same proportion as CBF while the cir culatory mean transit-time is constant. This situa tion was not encountered in our study, in which CBFsAK and CBFsPH in):: reased b y 93% and > 300%, respectively, whereas the capillary fraction of CBV was estimated to increase by only 9%. Ob viously, such a lack of parallelism between CBF and CBV increases does not support the recruit ment of closed capillaries as the likely mechanism for increasing CBF.
Assuming that all capillaries are open and per fused, the 9% CBV increase located in the capillary network corresponds to a 4% increase of the capil lary mean diameter. Such a calculated percentage of increase is clearly too small to be significant be cause, according to Weiss et al. (1982) and Buch weitz and Weiss (1986), the dispersion of the mea surements by morpho metrical techniques have much greater coefficients of variation (18 to 39%). From these arguments and because it is far from certain that cerebral capillaries can actively dilate (B ereczki et aI., 1993) , the participation of capillary widening as an active mechanism for increasing CBF is unlikely.
From these considerations, we conclude that the active dilatation of both the extraparenchymal vas culature and the parenchymal arterioles under hy percapnia is the prominent mechanism of CBF in crease. Such an active dilatation makes the driving pressure greater at the entrance of the parenchymal capillary network, which is then passively enlarged (Atkinson et aI., 1990) . In these conditions, a CBF augmentation is directly linked to an increase in blood velocity at the level of the parenchymal cap illaries. This interpretation is in agreement with the recent study of Bereczki et al. (1993) , who observed under hypercapnia a 55% decrease in the mean tran sit-time of the flow in the brain microvasculature.
Such an increase in blood velocity during hyper capnia is supported also by the significant reduction in CHct (Table 3) , which is already lower than LVHct in normocapnia (Sklar et aI., 1968) . This decrease in CHct has been explained by both the vessel and the network Fahraeus effects in the ce rebral microcirculation (Pries et aI., 1986) . Accord ing to these effects, the conservation of the eryth rocyte mass results from the shortening of the tran sit-time of the axial erythrocytes concomitant with the slowdown of the surrounding plasma in relation to the increased shear stress near the vessel wall (Todd et aI., 1992) . When velocity increases, Fahr aeus effects become more important (Gaehtgens et aI., 1978) . Decreasing of CHct is therefore an addi tional argument in favor of a progressive blood velocity increase in parenchymal microvascular during hypercapnia.
CBF efficiency under hypercapnia
The similarity between CBFsAK and CBFsPH ob served at moderate hypercapnia (Table 4 and Fig. 2) indicates that, as with microspheres, extraction co efficient (E) for lAP is maximum (E = 1) despite the faster blood velocity in the parenchymal microcir culation. According to the Renkin-Crone equation, E = l-ePs /Qo (Renkin, 1959) , in this situation in which blood velocity (QO) increases and the surface of exchange (S) is unmodified, the permeability co efficient (P) of lAP is high enough to compensate for the adverse effect of faster blood velocity on CBF efficiency in terms of exchange between blood and brain.
On the contrary, a great difference between CBFsAK and CBFsPH was observed at severe hy percapnia (Table 4 and Fig. 2 ). This discrepancy indicates that E for lAP is now much < 1. According to these theoretical considerations, the capillary blood velocity is now so high that PS/Qo is decreas ing despite the small enlargement of the surface of exchange (S) as expected from the 9% CBV aug mentation imputable to parenchymal capillaries. Contrarily to CBF S PH, the failure of CBFsAK to measure CBF accurately at severe hypercapnia demonstrates a reduction in CBF efficiency due to the adverse effect of an excessive capillary blood velocity on the exchanges between blood and tis sue. This situation is consistent with a "luxury per fusion" (Lassen, 1966) that would be generalized to the whole brain parenchyma in response to the acute metabolic acidosis induced by 10% CO2 inha lation.
As developed in this study, the response of the cerebral circulation to two levels of hypercapnia un derlines the two-compartment location of the CBV. The first compartment (�75% of TCBV) involves the extraparenchymal vasculature, which for a moderate hypercapnia (�60 mm Hg P aC02) already shows a maximum vasodilation coupled to a similar increase of the cerebral blood flow. Thus the extra parenchymal vasculature essentially accounts for the "brain vascular reserve. " The second compart ment (�25% of TCBV), which is representative of the parenchymal blood volume, shows a small en largement mainly during severe hypercapnia (�80 mm Hg Paco2). The important increase of CBF ob served at this level of hypercapnia cannot be ex plained by either capillary recruitment of closed capillaries or active diameter increase of already open capillaries. Thus the progressive rise in capil lary blood velocity from normocapnia to severe hy percapnia conditions leads to a reduction in flow efficiency. Our study therefore supports the conclu sion of the work of Kuschinsky and his colleagues (Kuschinsky and Paulson, 1992 ) that the whole brain capillary network is continuously perfused.
